Introduction
Pancreatic ductal adenocarcinoma (PDAC) accounts for >90% of pancreatic cancers, and it has one of the highest mortality rates of all human cancers worldwide; most patients succumb within 1 year following diagnosis (1) . It is hypothesized that of the ~53,670 people estimated to be diagnosed with this malignancy in the United States 43,090 of them will succumb in 2017 (2) . Less than 15% of patients with PDAC are eligible for surgical resection, and the 5-year survival rate remains low, 20-25% (3). Owing to the absence of specific symptoms of PDAC and a lack of early detection and screening techniques, the initial diagnosis of pancreatic cancer often occurs at the advanced and metastatic stages, at which surgical resection is unfeasible (4) .
Over the past several decades, most chemotherapeutic, targeted or immune-based therapeutic approaches have only yielded limited clinical outcomes (5) . Since 1996, the deoxycytidine analog gemcitabine has been the most commonly used frontline therapeutic agent for patients with advanced pancreatic cancer; however, it only provides a median overall survival rate of 5.7 months (6) . A previous study examined the effects of a combination therapy comprising several monotherapeutic agents, including 5-fluorouracil, leucovorin, irinotecan and oxaliplatin (collectively termed FOLFIRINOX), with gemcitabine in patients with advanced pancreatic cancer and demonstrated that FOLFIRINOX may be an effective agent; however, the median overall survival is <1 year (7) . There has been an increased effort in the development of more potent treatment regimens.
The etiology of pancreatic cancer remains unknown, but may involve the dysregulation of multiple signaling effectors or cytokines, including interleukin (IL)-8, signal transducer and activator of transcription (STAT)-3, RAC-α serine/ threonine-protein kinase (AKT), extracellular signal-regulated kinase (ERK) and others (8, 9 ). An increasing number of studies have revealed that IL-8 and its receptors, C-X-C chemokine receptor (CXCR)-1 and CXCR2, serve crucial roles in orchestrating the initiation and progression phases of various tumors (10, 11) , including breast cancer (12) , melanoma (13) , colorectal cancer (14) and pancreatic cancers (8) . The CXCR1/2 signaling cascade may be inhibited by a number of strategies, such as through the administration of small-molecule inhibitors, and preclinical studies have demonstrated their promising effects on reducing the progression of human cancers (15, 16) . Reparixin was originally developed to prevent IL-8-induced reperfusion injury (17) (18) (19) , but was later revealed to be an effective small-molecule inhibitor that blocks CXCR1/2, and was used in the clinic to delay the progression and advancement of breast cancer (20, 21) . Another small-molecule inhibitor, SCH527123, also exhibits antitumoral effects in mouse models and has been demonstrated to be effective against melanoma (22) , breast cancer (23) and colorectal cancers (24) . Clinical trials revealed that neither reparixin nor SCH527123 induced noticeable cytotoxicity upon treating breast cancer, ischemia-reperfusion injury (IRI) or inflammatory diseases such as asthma (19, 20, 25) . However, the efficacy of reparixin or SCH527123 on PDAC remains unknown.
The present study is the first, to the best of our knowledge, to investigate the efficacy of reparixin and SCH527123 on pancreatic cancer cell lines in vitro. The antitumoral effects of these CXCR1/2 antagonists on pancreatic cancer were determined by investigating viability, proliferation, colony formation and migration of PDAC cells treated with these agents. The results demonstrated that reparixin and SCH527123 not only blocked the mitogenic effects triggered by IL-8, but also inhibited overall cell survival, proliferation and migration. Molecular investigation further uncovered the underlying mechanism involved with the inhibition of downstream effectors, as demonstrated by the reduced phosphorylation levels of AKT, ERK, STAT3 and ribosomal protein S6 (S6). Results from the present study suggested that the CXCR1/2 antagonists, reparixin and SCH-527123, may be novel therapeutic candidates in treating pancreatic cancer, in part by disrupting the IL-8/CXCR1/2 signaling cascade.
Materials and methods
Cell culture and reagents. Human pancreatic cancer cell lines HPAC, MIA PaCa-2, Capan-1, AsPC-1 and BxPC-3 were purchased from The American Type Culture Collection (Manassas, VA, USA). All cell lines were routinely cultured in Dulbecco's modified Eagle's medium containing 4.5 g/l glucose, MTT cell viability assay. AsPC-1, BxPC-3, HPAC, Capan-1 and MIA PaCa-2 cells were seeded (3,000 cells/well) in 96-well microtiter plates and cultured overnight at 37˚C in 100 µl DMEM containing 10% FBS. The next day, when the cells reached ~20% confluency, the culture medium in each well was changed with 100 µl DMEM + 10% FBS supplemented with various concentrations of reparixin (10, 20, 40 , 60 and 80 µM), SCH527123 (20, 40, 60 , 80 and 100 µM) or with DMSO vehicle control under the same conditions (DMEM + 10% FBS) at 37˚C. Following 72-h incubation, MTT solution (25 µl) was added to each well and the cells were incubated for 4 h. Subsequently, DMF solubilization solution (150 µl) was added to dissolve the formazan crystals, and the cells were incubated overnight at room temperature in a sealed moistened chamber protected from the light. Cell viability was assessed by measuring the absorbance at 595 nm in each well (which reflected the amount of MTT taken up by the metabolically active cells), comparing with the absorbance in the mock control wells and quantifying. Half-maximal inhibitory concentrations (IC 50 ) were determined using Sigma Plot 9.0 Software (Systat Software, Inc., San Jose, CA, USA).
BrdU incorporation assay for cell proliferation. The proliferative activities intrinsic to AsPC-1, Capan-1 and HPAC cells were assessed with the BrdU incorporation assay. Briefly, cells were seeded 5,000 cells/well) in 96-well plates in quadruplicate in DMEM containing 10% FBS overnight. Subsequently, the cells were grown in the same medium but without FBS for an additional 24 h; this serum-depleted growth condition was maintained throughout the assay. Cells were either treated with IL-8 (10 or 25 ng/ml) alone for 24 h at 37˚C or pre-treated with various concentrations of reparixin or SCH527123 (40, 60 or 80 µM) at 37˚C for 4 h and subsequently triggered to undergo robust proliferation with the addition of IL-8 (25 ng/ml) to the medium for 24 h at 37˚C. Cells treated with DMSO were used as a control. Following 24 h of growth induction, the cells were further cultivated with 1X BrdU reagent at 37˚C for 1 h and the number of cells that incorporated BrdU (that is, proliferating cells actively synthesizing DNA) were quantified according to the manufacturer's protocol.
Colony formation assay. HPAC and AsPC-1 cells were seeded (2,000 cells/well) in 6-well plates and incubated overnight. Cells were subsequently incubated at 37˚C with DMSO, or were treated with various doses of reparixin or SCH527123 (20, 40 or 60 µM). The culture medium with the respective treatments was changed every 3 days. After 1 week, the culture medium containing the drugs was removed and changed to fresh cell culture medium without IL-8 inhibitors, and the medium was subsequently changed once every week without IL-8 inhibitors for another two weeks. After 2 weeks, the cells were washed twice with PBS, fixed with cold methanol for 30 min at 4˚C and stained with 1% crystal violet dye (dissolved in 25% methanol) at room temperature for 1 h. The plates were washed with distilled water and dried.
Wound-healing assay for cell migration. HPAC cells were seeded (8.9x10 5 cells/well) in 6-well plates and incubated at 37˚C overnight. When the cells reached 100% confluence, the monolayer was scratched to create a wound using a pipette tip. The monolayer was washed with sterilized PBS, and cells were treated with DMSO, reparixin or SCH527123 at the doses of 60, 80 or 100 µM, and incubated for 23 h at 37˚C; images were captured with a Nikon Eclipse TS100 microscope at 0 and 23 h. The width of the scratch line was quantified by three independent observers and the measurements were used as an indication of cell migration. The relative woundhealing ability was calculated using the following formula: Percent wound healing = [(width at 0 h -width at 23 h) / (width at 0 h)] x 100; the average was calculated from 5 replicates. Under this setting, the DMSO-treated control cells exhibited 100% wound-healing ability after 23 h. The MTT assay was performed to determine if the effects of reparixin and SCH527123 on cell migration may have been affected by reduced viability. HPAC cells were seeded (20,000 cells/well) in 96-well microtiter plates and grown to 100% confluency at 37˚C overnight. Cells were treated with the same concentrations of reparixin and SCH527123 as those in the wound-healing assay, and were also incubated for 23 h at 37˚C. The MTT assay was conducted as aforementioned. Statistical analysis. Statistical analyses were conducted using GraphPad Prism 5 software. Differences were analyzed with one-way analysis of variance followed by Tukey's post hoc test for multiple comparisons. Data are presented as the mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results
Reparixin and SCH527123 reduce cell viability. Pancreatic cancer cell lines have been shown to express IL-8 and IL-8 receptor (26) (27) (28) . Owing to the variation in cell densities used in the following experiments, the higher the cell densities used, the more autocrine IL-8 were secreted to medium; therefore, higher concentrations of reparixin or SCH527123 were needed to efficiently suppress the malignant features of pancreatic cancer cells. For cell viability, the IC 50 value was calculated following treatments with five different concentrations of reparixin (10, 20, 40 , 60 and 80 µM) or SCH527123 (20, 40, 60, 80 or 100 µM) to be able to determine the optimum inhibitory effect. Inhibition of IL-8/CXCR1/2 signaling with either reparixin or SCH527123 resulted in a significant reduction in the viability of pancreatic cancer cell lines HPAC, AsPC-1, MIA PaCa-2, BxPC-3 and Capan-1 (Fig. 1A and B Reparixin and SCH527123 suppress IL-8-stimulated cell proliferation. As the inhibition of CXCR1/2 signaling was demonstrated to reduce PDAC cell viability (Fig. 1) , and that this signaling cascade was previously reported to regulate cell proliferation (16) , the effects of reparixin and SCH527123 on the proliferative activities associated with pancreatic cancer cells was examined by the BrdU incorporation assay. As demonstrated in Fig. 2A , IL-8 treatment stimulated Capan-1, AsPC-1 and HPAC cell proliferation in a dose-dependent manner; Subsequently, cells were treated with DMSO or with either reparixin or SCH527123 at various concentrations for 4 h, followed by treatment with IL-8 (25 ng/ml) for 24 h. The inhibitory effects on the drug-treated cells were assessed by BrdU incorporation assays; IL-8-induced cell proliferation was reduced in cells treated with reparixin (Fig. 2B ) or with SCH527123 (Fig. 2C ) in a dose-dependent manner.
Reparixin and SCH527123 reduce the ability of PDAC cell lines to grow and form colonies.
The effects of reparixin and SCH527123 on the intrinsic ability of pancreatic cancer cells to grow and form colonies were examined. AsPC-1 and HPAC cells, seeded in six-well plates, were treated with either DMSO or with either inhibitor, reparixin or SCH527123. The colonies grew in the DMSO control treated cells, ~3 week, and the plates were stained and images of colony growth were captured (Fig. 3) . Consistent with the results from viability and proliferation assays aforementioned, the inhibition of CXCR1/2 by reparixin or SCH527123 treatment reduced the colony-forming ability of PDAC cell lines.
Reparixin and SCH527123 inhibit cell migration. Previous studies have indicated that CXCR1/2 signaling was crucial for cell migration, which is important for tumor invasion and metastasis (29, 30) . Therefore, the present study examined the effects of CXCR1/2 signaling inhibition on the migratory ability of HPAC cells (Fig. 4) . Following treatment with either reparixin or SCH527123, cell migratory ability was examined by wound healing assays. The results demonstrated that the migratory potential was reduced in cells treated with either reparixin (Fig. 4A and B) or SCH527123 ( Fig. 4D and E) in a dose-dependent manner, compared with the control cells treated with DMSO. Subsequent MTT assay experiments indicated that the effects of CXCR1/2 inhibition on migration were not a result of reduced viability (Fig. 4C and F) . These data demonstrated that inhibition of CXCR1/2 by reparixin or SCH527123 may block the migratory ability of pancreatic cell lines. Western blot analysis was used to examine the changes in phosphorylation status of the targeted effectors, which was indicative of the activation status of the effectors. The results demonstrated that HPAC cells treated with either reparixin or SCH527123 exhibited reduced phosphorylation levels of ERK and AKT, with the greatest reduction observed in cells treated with 80 µM SCH527123 (Fig. 5A and B, respectively) . Similarly, the phosphorylation of S6, which is known to regulate cell growth and proliferation through the selective translation of particular classes of mRNA (38) , was inhibited in a dose-dependent manner by both inhibitors, with SCH527123 appearing to be more potent compared with reparixin (Fig. 5) .
Inhibition of CXCR1/2 signaling pathway reduces activation of downstream effectors p-AKT, p-ERK, p-STAT3
Neither inhibitor treatment affected the overall expression of total STAT3 proteins (Fig. 5) . However, these inhibitors remarkably impaired STAT3 phosphorylation at Y705 in a dose-dependent manner (Fig. 5) . These results suggested for the first time, to the best of our knowledge, that reparixin and SCH527123 impaired STAT3 activation by inhibiting its phosphorylation rather than by suppressing overall protein expression. The present study results demonstrated that reparixin and SCH527123 function to suppress protein phosphorylation, thus inhibiting the activation of AKT, ERK, S6 and STAT3 in the HPAC cancer cell line, in a dose-dependent manner.
Discussion
The present study demonstrated that inhibition of the CXCR1/2 pathway by reparixin and SCH527123 treatment reduced pancreatic cancer neoplastic features, such as cell viability, proliferation, colony formation and migratory potential in PDAC cell lines. Molecular investigations revealed that the antagonists also suppressed the phosphorylation that led to activation of downstream targets STAT3, AKT, ERK and ribosomal S6.
Consistent with previous studies conducted on melanoma and colon cancer (13, 14) , the present study results demonstrated that IL-8 stimulation accelerated PDAC cell proliferation. Treatments with the inhibitory agents reparixin and SCH527123, which block the IL-8/CXCR1/2 signaling pathway, were able to reduce the aforementioned malignant phenotypes. The tumor-promoting effects of IL-8 not only stimulated growth, but also promoted cancer cell migration and invasion in a colon cancer model (14) . The migratory ability that is intrinsic to pancreatic cancer cells, and which preludes tumor metastasis, was revealed to be inhibited by reparixin and SCH527123 in the present study. A previous study reported that IL-8 exposure enhanced pancreatic cancer cell invasion and that this effect was reversed by treatment with an antagonizing CXCR1-specific antibody (39) . Similarly, an in vivo study using animal models further confirmed the cancer inhibitory effects exerted by reparixin and SCH527123 treatment (15, (20) (21) (22) (23) . A pre-clinical study by Brandolini et al demonstrated that reparixin was able to target breast cancer cells in xenograft models and led to prominent tumor regression along with reduced metastasis (15) .
Notably, pre-clinical trials using reparixin presented negligible adverse effects and no obvious cytotoxicity was observed. For example, in a double-blinded, placebocontrolled pilot study designed to evaluate the safety and efficacy of reparixin for treating IRI and inflammation in patients undergoing coronary artery bypass grafting (CABG), no apparent side-effects were noted, which indicated that reparixin treatment in patients with CABG appeared to be safe and well tolerated (19) . Similarly, SCH527123 was revealed to be safe and well tolerated in otherwise healthy individuals suffering from severe asthma (25, 40) .
The safety and efficacy of reparixin to treat cancer have also been evaluated. The outcomes from a phase Ib clinical trial that examined the dose and safety of oral reparixin treatment combined with paclitaxel in women with metastatic breast cancer revealed that the oral administration of reparixin three times per day appeared to be safe and tolerable (20) . These data provided promising support for the use of reparixin as an anticancer drug. Results from the present study demonstrated that reparixin inhibited pancreatic cancer cell proliferation, colony formation, migration and cell viability. These results, in conjunction with the safety and efficacy determined by previous studies, indicated the potential benefit of administering reparixin as a novel therapeutic agent for treating pancreatic cancer. Similarly, the inhibitor SCH527123 was used in a pre-clinical xenograft model of colorectal cancer and was reported to inhibit tumor growth (24) . Co-treatment of SCH527123 with oxaliplatin resulted in reductions in cell proliferation, tumor growth and angiogenesis that were greater than treatment with either agent alone (24) . Taken together, these results indicated that SCH527123 may be a novel targeted therapeutic agent that may be used to treat pancreatic cancer.
To better understand the mechanism of action of these two inhibitor compounds, the expression levels of the main effectors downstream of the IL-8/CXCR1/2 pathway were examined in the present study. Previous studies reported that PI3K was a main target of IL-8 signaling, and that activated PI3K pathway resulted in increased phosphorylation of its substrate AKT (31) . The phosphorylation of AKT initiated by IL-8 signaling has been examined in a number of cancer cell lines, which resulted in modulations of cell survival, cell migration and angiogenesis (41, 42) . The present study demonstrated that treatment with either reparixin or SCH527123 notably reduced the phosphorylation levels of AKT. These data suggested that reparixin or SCH527123 may be able to inhibit pancreatic cancer cell viability, proliferation and migration through the inhibition of AKT signaling, which is in agreement with a previous study (21) .
A number of previous studies using cancer cells have also reported that IL-8 regulates cell survival, cell proliferation and invasion through the MAPK signaling pathway and the subsequent phosphorylation of the downstream effectors ERK1/2 (33, 37, 43) , which was previously reported to serve an important role in enhancing oncogenic behavior and increasing the invasive potential of melanoma cells (32, 34) . Results from the present study demonstrated that HPAC cells treated with either reparixin or SCH527123 exhibited a reduction in the level of ERK1/2 phosphorylation. These data suggested a role for the ERK pathway in enhancing survival, proliferation and invasion of pancreatic cancer cells.
A previous study has also revealed that functional inactivation of STAT3 led to significant inhibition of pancreatic cancer cell proliferation in vitro and led to reduced tumor growth in vivo, and activated STAT3 contributed to the malignant phenotype of human pancreatic cancer in part by promoting cellular proliferation through accelerated G1/S-phase progression (44) . STAT3 activation can be stimulated by IL-8 signaling through CXCR2, as demonstrated by a previous study that used an IL-8 neutralizing antibody to downregulate S727-phosphorylation of STAT3 in hepatoma cells (36) . Results from the present study indicated that reparixin and SCH527123 may reduce cell proliferation and colony formation by inhibiting STAT3 phosphorylation, rather than by suppressing its overall protein expression level. These data demonstrated a potentially crucial role of the STAT3 pathway in IL-8-CXCR1/2 signaling and in stimulating pancreatic cancer cell growth.
S6 was previously reported to modulate cellular metabolic events, including protein and lipid synthesis, transcription, translation, cell metabolism and cell growth (45) . IL-8 was revealed to induce the phosphorylation of ribosomal S6 kinase, which results in the subsequent phosphorylation and activation of S6 (34) . Results from the present study demonstrated that reparixin and SCH527123 suppressed the expression of p-S6 in a dose-dependent manner, by blocking the signaling transduction conveyed from the IL-8/CXCR1/2 pathway.
In conclusion, the present study demonstrated that the CXCR1/2 antagonists, reparixin and SCH527123, exhibited antitumor activities in PDAC cell lines. The present study was the first, to the best of our knowledge, to demonstrate that the antitumor activity of reparixin and SCH527123 on cancer cell growth, motility and migration may function through the STAT3/AKT/ERK/S6 signaling pathways. Based on these results, reparixin and SCH527123 may be promising therapeutic candidates for treating human pancreatic cancer. Future in vivo investigations of the effects of these drugs on tumor-bearing laboratory animals should be conducted prior to clinical trials in patients with PDAC.
